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Abstract 
Chromium pre-treatments of metal have been replaced by silane pre-treatments as more environmental friendly option. Corrosion 
inhibitors and nanoparticles can be added in the silane sol-gel network have been reported to improve corrosion resistance. The 
present work investigates the effect of cerium nitrate activated nanoparticles additions into a sol-gel hybrid silane matrix coated 
on low carbon steel substrates. Two different types of nanoparticles and its mixture (silica, alumina and their equimolar mixtures) 
at the concentration of 250 ppm were used. Hybrid sol-gel films have been synthesized from mixture of 3-glycidoxy-propyl-
trimethoxy-silane (3-GPTMS) and tetraethyl orthosilicate (TEOS). The electrochemical behavior was studied using DC 
polarization tests after 24 hours of exposure in aerated 0.1M NaCl. The scanning electron microscopy (SEM) confirmed crack-
free surface morpohology for the as-prepared substrates after different pre-treatments. The experimental results have shown that 
addition of cerium nitrate at 250 ppm and nanoparticles at 250 ppm did not efficiently inhibit the corrosion of low carbon steel, 
unlike inhibiting properties shown by blank silane film. 
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1. Introduction 
The need to find environmental friendly and efficient replacements for chromate pre-treatments on metals 
for corrosion protection has promoted the use of silane pre-treatments. However, silane pre-treatments only provide 
passive corrosion protection. Modification of the bulk properties of silane coatings by addition of nanoparticles 
and/or corrosion inhibitors has been found to provide more efficient corrosion protection (Bastos and M. 
Zheludkevich et al. (2008) and Jones (1996).  
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Nanoparticles of several oxides such as silica, zirconia, alumina and titania are very promising fillers due to 
their improved resistance to corrosion, oxidation, wear and erosion (Palanivel and Zhu et al. (2003). On top of that, 
these nanoparticles are also modified by corrosion inhibitors for pro-longed corrosion protection. Rare earth ions are 
widely used as effective modifiers, especially cerium which is well-known for its self-healing abilities (Singh 
Raman and Balan et al. (2013) and Phanasgaonkar and Raja (2009). 
 
The present work is a comparative study outlining the anti-corrosion effectiveness of two different types of 
nanoparticles (silica, alumina and equimolar mixture of silica and alumina). In this work, aforementioned 
nanoparticles have been activated in cerium nitrate solution before impregnation into hybrid silane film on mild steel 
substrates.  
2. Materials and Methods  
2.1. Silane preparation 
 
The silane solution consisting of a mixture of 3-glycidoxypolyltrimethoxysilane (3-GPTMS, 98%, Sigma 
Aldrich,) and tetraethyl orthosilicate (TEOS, 99%, Sigma Aldrich,) precursors dissolved with 0.05 M nitric acid 
(HNO3, 69%, Friendemann Schmidt) in a molar ratio of 2:1:10. The silane mixture was stirred for 48 hours before 
modification with hydrated cerium nitrate, Ce(NO3)3.6H2O  solutions, and silica nanoparticle concentration, both at 
250 ppm. The modified mixture is stirred for another 24 hours. For comparative purposes, alumina nanoparticles 
(250ppm) and mixture of alumina and silica nanoparticles (125 ppm each) silane solution was also prepared. In our 
previously reported work, different silane mixture and rare earth ion at different concentrations were used (Singh 
Raman and Balan et al. (2013). The present work is an extension of the reported work in reference (Singh Raman 
and Balan et al. (2013) using different materials.   
 
2.2. Surface preparation and application 
  
The low carbon steel strips used in this work were supplied by Q-Panel (U.S.A) with dimensions of 6 cm x 
2 cm x 1 mm thickness. The steel strips were cleaned ultrasonically with soap water, deionized water (DI) and 
acetone for 2 minutes at room temperature before alkaline cleaning using NaOH solution (pH 10.8) for 5 minutes at 
50ºC. The metal strips were washed using DI water until water break free surface was achieved and dried using 
compressed air before being dip-coated using the silane mixtures 3 times for 30 seconds each time. Finally, the 
coated substrates were cured at 90ºC for 5 hours. 
 
2.3. Characterization 
 
The DC polarization tests were carried out on the coated silane pre-treated specimens after being  immersed 
in aerated 0.1M NaCl for 24 hours before data acquisition, in order to reach a steady state. The bare metal substrate 
was tested an hour after immersion in the electrolyte. A saturated calomel reference electrode (SCE) and a graphite 
electrode were used as the counter electrodes. The DC polarization tests were conducted with a scanning rate of 1 
mV/s, sample period of 1 s, exposed area of 0.785 cm2 and the potential range of -0.5 V to 0.5 V with respect to the 
open circuit potential (OCP). The DC polarization tests were repeated at least twice for each sample to assess the 
consistency in the results. 
 
The field emission scanning electron microscope (FESEM) equipped with an EDX spectrometer will be 
used to evaluate the surface morphology of the coated samples before and after DC polarization tests were run. The 
acceleration voltage used to perform EDX analysis was set to 15.0 kV. Specimens were platinum-coated prior to 
FESEM to prevent the less conductive silane coat from charging.  
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3. Results and Discussion 
3.1. Scanning Electron Microscopy (SEM) 
  
From Fig. 1, it can be seen that all four samples showed coatings that appear to be crack free. This crack-
free morphology is a result of the introduction of silica nanoparticles, alumina nanoparticles or cerium ions into the 
silane film. This morphology could also be a result of the combination of both the coating characteristics and the 
oxidation kinetics of the carbon steel substrate surface.  
 
 
 
Fig. 1.  FE-SEM micrographs of as-prepared metal substrates coated with different pre-treatments: (a) silane+cerium; (b) silane+cerium+silica 
(c) silane+cerium+alumina; (d) silane+cerium+silica+alumina 
 
In the absence of nanoparticles and rare earth inhibitors, blank silane coatings are generally very thin. They 
are porous and have a very low cross-link density. Addition of cerium rare earth dopants into the silane matrix as 
shown in Fig. 1(a) has been shown to increase the thickness of the silane coating. Addition of silica nanoparticles 
and alumina nanoparticles into the silane matrix as shown in Fig. 1(b), (c) and (d) further increases the thickness of 
the silane film formed as well as reinforces the hybrid matrix by forming a highly cross-linked interfacial layer with 
reduced porosity. These modifications to the silane film not only result in the formation of a crack free coating, but 
delay the oxidation process and subsequent development of stresses in the coatings. Besides that, the oxide particles 
may provide improved resistance to substrate oxidation which contributes to the formation of a crack-free coating as 
well (Phanasgaonkar and Raja (2009). 
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3.2. Electrochemical tests 
 
 
 
Fig. 2. Polarization curves for low carbon steel specimens coated with different pre-treatment. 
 
 Fig. 2 displays the DC polarization curves and these curves were fitted using Tafel fit to obtain the Ecorr 
and Icorr values. Anodic polarization occurs when there is a deficiency of electrons in the metal being liberated by 
anodic reactions at the interface. Thus, a more positive potential is produced. Hence, the anodic polarization curve 
shifts upwards as shown in Fig. 2. Cathodic polarization on the other hand occurs when electrons are supplied or 
made available for cathodic reactions, thus the potential at the surface becomes more negative as excess electrons 
accumulate at the metal/electrolyte interface waiting for reaction to occur. A more negative potential is therefore 
produced and the curve shifts downwards as shown in Fig. 2 (Jones (1996). 
  
 
Table 1. Corrosion rate and inhibition efficiency of substrates with different pre-treatments. 
 
Sample Corrosion 
potential, (mV) 
Ecorr 
Corrosion current 
density, (A/cm2) 
Icorr 
Corrosion rate 
(mpy) 
Corrosion Inhibition 
Efficiency (%) 
Bare metal -885.0 12.80e-6 5.843 0 
Blank 
Silane 
-339.0 0.115e-6 0.0524 99.10 
Silane-Ce -860.0 0.742e-6 0.3391 94.20 
Silane-Ce-
Si 
-890.0 2.150e-6 0.9840 83.16 
Silane-Ce-
Al 
-856.0 1.080e-6 0.4954 91.52 
Silane-Ce-
Si-Al 
-900.0 3.370e-6 1.540 73.64 
 
 Table 1 shows the corrosion potentials (Ecorr), its corresponding current densities (Icorr) and the corrosion 
rates for all the samples obtained from the DC polarization tests. From Table 1, it can be seen that upon coating with 
silane, the current densities in both the anodic and cathodic regions of all coated samples decreased as compared to 
the control (bare metal) sample. The current densities in the anodic region decreased because the silane coating 
prevented the oxidation of the metal substrate to liberate electrons, thus suppressing the anodic reaction. On the 
other hand, the current densities in the cathodic region decreased because the coating prevented excess electrons 
from accumulating at the metal/coating interface, thus suppressing the cathodic reaction, which is due to the 
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reduction of dissolved oxygen. However, it can also be seen that the blank silane coated substrate had the largest 
reduction in current density, followed by the Silane-Ce sample, Silane-Ce-Al sample, Silane-Ce-Si sample and lastly 
the Silane-Ce-Si-Al sample. This observation is consistent with the corrosion inhibition efficiency calculated using 
the formula proposed by Bastos et al. (2008): 
 
   
Inhibition efficiency (%) =((rate unhibited –rate inhibited)/rate unhibited) *100                       (1)  
 
 The blank silane coating provides a physical barrier between the metal substrate and the electrolyte. Hence, 
electrochemical reactions that initiate corrosion are inhibited, which results in blank silane coatings having a 
corrosion inhibition efficiency of 99.1%. However, upon addition of cerium into the silane solution, the corrosion 
inhibition efficiency dropped to 94.2%, possibly due to the fact that cerium nitrate at a low a concentration into 
silane solution is not sufficient for better inhibition. On top of that, addition of nanoparticles into the silane solution 
showed reduction in inhibition efficiency as well; the nanoparticles were not incorporated into the silane film at its 
optimum concentration. Optimum concentration of nanoparticles are important for them to act as efficient fillers 
within silane coating structure since silane coating alone has a porous nature (van Ooij and Zhu et al. (2005). Silica 
and alumina nanoparticles may have been incorporated into the silane films at concentrations above their optimum, 
which resulted in the formation of a porous film which promotes electrolyte intrusion into the system, causing 
premature film delamination (Palanivel and Zhu et al. (2003). Besides that, agglomeration of nanoparticles may 
have occurred in the silane solution. Hence when the silane solution is deposited on the metal substrate, the silica 
and alumina nanoparticles may not have dispersed well on the substrate. Hence, the film may still have cracks and 
pores that facilitate the diffusion of electrolyte through the film to the metal surface.  
 
4. Conclusion 
 
FE-SEM images showed crack-free coatings for all different pre-treatments. The DC polarization tests results 
conclude that coating a metal substrate with a silane solution provided good corrosion inhibition to the substrate. 
However, further addition of cerium as rare earth inhibitors as well as silica and alumina nanoparticles at specified 
concentration did not improve the corrosion protection properties of the film. Agglomeration of nanoparticles 
Further investigation is required to find the optimum concentration of cerium ions and silica and alumina 
nanoparticles for better corrosion inhibition compared to blank silane coatings without any addition.  
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